It is proposed to consider data both on the deep density distribution (gravity instability) and the bulk modulus of elasticity on estimation of the stability of layered mountain ranges. It is shown that an increase in bulk elastic rigidity with depth is the stable state of layered media in terms of energy in the field of gravity stress. In the tectonosphere, in which the moduli of elasticity are inverted (decrease) with depth, excess energy of elastic strain of volume change is generated by body forces, and it will determine the instability of the geologic medium.
Introduction
Gravity stress is considered the simplest type of load for rock masses which ensures their long-lasting stable existence. It is gravity that explains the trend of flattening of the inner and outer (roof of the crust) boundaries of the tectonosphere. This rule is violated only if layers of decreased density appear in the rock mass. Inversion of density with depth, when a lighter substance is localized beneath a heavier one (Dobretsov et al., 1993) , causes tectonic flow, because the principle of minimum potential energy of gravity is violated.
It has long been known in geology that some processes of tectonic flow similar to those related to density inversion with depth are unaccompanied by any inversion. Natural structures of "buoyancy" of granite masses, distinguished by decompression disintegration, were studied by M.G. Leonov (2008) . Also, folding was observed at depth in a sedimentary basin with no signs of strong lateral compression (Sorskii, 1962) . The question arises which processes of those caused by inner sources of energy such tectonic flow of tectonospheric rocks might be related to.
Possible sources of energy for tectonic processes are discussed in (Ponomarev, 2008) . It is hypothesized that there exists certain latent energy related to the history of deformation of rocks and the lithostatic pressure they had to endure. On the other hand, S. Arrhenius (1912) proposed the mechanism of instability caused by inversion of density as an explanation for rock flow.
Principles of energy in mechanics
Let us try to answer the foregoing question in terms of energy, attributing the instability of the tectonosphere to body forces only, without limitation to analysis of the potential energy of gravity.
The uniqueness of solution of problems in the theory of elasticity is proven based on the principle of minimum total internal energy of elastic strain (elastic energy) of a body of finite volume loaded along its external boundaries and/or by internal body forces (Rabotnov, 1979) . It is also called "the principle of minimum potential energy of strain" ("the principle of minimum strain energy"). Under given conditions of loading and accepted properties of the medium, of all the possible movements and stresses within the deformed volume, those which ensure minimum total elastic energies (MEE) are observed. This principle serves as a basis for the variational principles of energy used for solving problems in the theory of elasticity, and it holds true for a wide spectrum of models for the medium (elastic, elastoplastic, elastoviscous, and others).
The variational principles of mechanics are based on the Lagrange-Dirichlet theorem, in which systems with minimum potential energy are defined as stable conservative mechanical systems. This hypothesis of minimum action of mechanical systems was put forward by P.L. de Maupertuis in 1744.
The condition of minimum potential energy of gravity requires a distribution of tectonospheric layers by increasing density. Otherwise, the system becomes unstable, and a redistribution of substance will take place for media with viscous or plastic flow, so that minimum potential energy of Russian Geology and Geophysics 55 (2014) [1146] [1147] [1148] [1149] [1150] [1151] [1152] gravity is reached. Eventually, the less dense layer is localized at the top in a two-layer system during the flow. The flow process itself is ensured by the difference of the potential energy of gravity of the first state, when the less dense layer was localized at the bottom, and the second state, when it was at the top. This difference of energy will be released as heat during the creep of a solid or viscoplastic (tectonic) flow.
Note that models for an incompressible viscous body are applied in most mathematical calculations of problems of density inversion. The foregoing term "tectonic flow" pertains to strong deformations in a geologic medium, with large angles of turn and large-scale movements (Luk'yanov, 1991) .
As irreversible deformations during tectonic flow are due to decreasing potential energy, we will thereafter use the term "excess potential energy" for a state that has not reached a stable (stationary) phase of deformation.
As stated above, when the problem of the instability of a layered mass in the field of gravity, caused by deep density inversion, is formulated, the Lagrange-Dirichlet theorem is applied to the potential energy of gravity. The energy of elastic strain is also potential energy, because it depends only on the initial and final states of the system; that is why it obeys the Lagrange-Dirichlet theorem. In connection with the foregoing, the question arises whether exclusively under gravity stress, every distribution of the elastic properties of a rock mass consisting of plane-parallel layers of the same density gives rise to its minimum potential elastic energy. Are there any cases of alternation of the elastic properties of layers when this principle of stability is not fulfilled? In other words, can simple rearrangement of layers with depth yield lower internal energy of elastic strain than that for the initial position of these layers?
The second question follows from the first one: When can tectonospheric disequilibrium cause additional deformations and large-scale movements in the rock mass, which ensure a transition to new equilibrium?
The second question is simpler, because we know tectonospheric instability caused by deep inversion of density. The transition to new equilibrium occurs when tectonic flow in the rock mass becomes possible. As applied to problems of crustal and lithospheric geodynamics, this requirement determines the reaching of the rock yield stress (cataclastic or true plastic) or the duration of effect of viscoplastic flow-tens and hundreds of millions of years. The entire flow and the heat released by this process will be ensured by the difference of the potential internal energy of the initial and final elastic states.
If the boundary state in the rock mass is not reached or the velocities of viscous flow are extremely low (conditions of crystalline upper crust outside fault zones), these layers can remain plane for an infinitely long time, not realizing excess potential energy. However, when yield stress in an elastoplastic medium is reached, the violation of the principle of minimum elastic energy is presumed to cause tectonic flow which will ensure the fastest reaching of equilibrium. As shown in (Rebetskii, 2008; Rebetsky, 2008) , the transition to the postcritical state-cataclastic state (fracture flow) at nearhydrostatic fluid pressure (the weight of the liquid column at the given depth) depends on the fracture strength of the rocks and is observed at depths of 3-5 km for the consolidated part of crust or at depths of 0.5-1.5 km in fault zones and sedimentary basins.
Analysis of realization of minimum elastic energy for a layered medium
So, we will consider the following problem: If a rock mass in the natural (actual) state contains layers whose density does not decrease with depth (is constant or increases), can this state be considered stable in terms of energy in all cases exclusively under gravity (with no external forces or temperature gradients)? Will any advection flow like that which takes place in the case of deep density inversion not arise in this rock mass?
Two-layered unit. Let us consider a horizontal unit of two infinite plane layers of thickness h i (i = 1, 2), localized in the rock mass at a depth which determines the level of vertical lithostatic pressure (p lt ) at the top of the upper layer. Let the layers be of different densities ρ i and volume elastic compressibilities K i (competent and incompetent layers), which correspond to their actual states at depth in the rock mass at pressure p lt (the effect of change in the pressure within the two-layered unit itself is neglected). Let us compare the elastic energy of these layers differently positioned in the gravity field ( Fig. 1) .
Let us presume that the parameters determining the plastic properties of the rocks are such that the level of deviatoric stress is much lower than isotropic pressure p lt . Such a situation can be ensured by high near-lithostatic fluid pressure for a Coulomb-Mohr or Drucker-Prager elastoplastic body and low yield stress for a Mises body. As shown in (Rebetskii, 2008; Rebetsky, 2008) , deviatoric stress in the upper crust makes up only 25% of isotropic pressure at near-hydrostatic fluid pressure in a fracture-porous medium. Their relationship drops to 10% at twice higher fluid pressure, which corresponds to sedimentary basins and the consolidated rocks of the middle crust.
We will neglect deviatoric stress on the assumption that only isotropic pressure, equal to lithostatic pressure, is observed in the medium. In this case, the specific elastic energy of each layer can be written as follows:
The subscript indicates the number of the layer, and the superscript shows that layer 1 is at the top. In expressions (1), the pressure in each layer was taken to be approximately equal to the value in its middle.
If we switch the positions of the layers (Fig. 1b) , the specific elastic energy of each layer is expressed as follows:
For this state, the layers in (2) retain their subscript, whereas the superscript is changed to 2.
Using (1) and (2), we can obtain the total elastic energy of a column of unit lateral length l x , l y and thickness h 1 + h 2 , which includes both layers for two states (Fig. 1) .
The difference between the values of expressions (3), which determines the difference between the elastic energies of two states for the considered columns of a two-layered unit, will look as follows:
According to the principle of minimum elastic energy, the stability of the initial state, which corresponds to the arrangement of the layers from the top down by their indices (∆W < 0), requires that the following condition be met:
If the layer densities are taken to be equal (), it follows from (5) that
that is, the principle of minimum elastic energy requires the arrangement of the layers in the order of increasing elastic moduli of bulk compression. If this condition is not satisfied, the system is potentially unstable. If the densities are different, the stability of the system is determined by the requirement of minimum total potential energy of elastic strain and potential energy of gravity. In application to the considered two-layered system, this condition requires the fulfillment of the expression
Expression (7) permits an estimation of the presence of excess potential energy in the medium owing to both gravity and elastic strain caused by gravity stress. The excess potential elastic energy of gravity stress can be different depending on the structure of the medium. Let us consider the possible initial structures for which the medium must show a trend toward minimum potential elastic energy.
An incompetent block in a competent mass. Figure 2 shows plots for change with depth in the specific potential energy of two types of rocks of the same density in the actual state but with different bulk elastic moduli. These plots can illustrate the possibility of a decrease in the elastic energy of a system consisting of a block of incompetent rock (bulk elastic modulus K b ) within a competent mass (bulk elastic modulus K m > K b ). When a mass of incompetent rock rises to height H, the rock mass with a larger value of the elastic modulus is replaced. Correspondingly, incompetent rock descends to the position of the mass of incompetent rock (see scheme in Fig. 2) .
The plot shows that (1) as the rock mass descends, its specific elastic energy increases by d W m > 0, which matches the length of the corresponding horizontal line in Fig. 2 ,
where p lt is lithostatic pressure in the middle of the block of incompetent rock and (2) as the incompetent block rises, its specific elastic energy decreases by dW b < 0, which matches the length of the corresponding horizontal line in Fig. 2 , Expressions (8) and (9) were plotted without regard to the change in pressure with the block depth, because the vertical thickness of the block was presumed to be h b << H. In this case, the sum of expressions (8) and (9) for specific potential energies makes it possible to estimate the change in the potential energy of the entire system. If we presume equal densities of the rock mass and the block ρ b = ρ m = ρ during the summing-up, we obtain
Expression (10) shows that dW < 0 (K m > K b ) and the potential elastic energy of the system decreases owing to the upward movement of the incompetent block.
Note the following fact. If we consider another initial structural state, when the rock mass consists of an incompetent substance and the block consists of a competent substance, the potential energy of the system will decrease if the competent block moves downward and a corresponding amount of incompetent substance moves upward. In this case, the change in the potential energy of the system is estimated from the expression
Thus, as stated above, the localization of the competent masses at a lower level than the incompetent ones is the less energy-consuming structure in the gravity field.
Segmented competent layer. Another possibility of decreasing excess potential elastic energy is illustrated in Fig. 3 . It is a scheme for two different states of an incompetent mass containing horizontal segments of harder (competent) rock of the same length and height h. The densities of the rock mass and rigid segments are presumed to be equal, ρ s = ρ m = ρ, at different elastic moduli. In the first state, the rigid segments form a single competent layer at depth with lithostatic pressure p lt (Fig. 3a) . In the second state, these segments are displaced by the same distance H up and down with respect to the initial state (Fig. 3b) .
Let us calculate the change in the potential elastic energy of the whole system on the same assumptions as in the foregoing calculations (we neglect deviatoric stress and the change in lithostatic pressure with the height of the segments h s << H). To estimate the changes in the potential energy of elastic strain, it is enough to calculate the difference of the specific values of this potential energy, because equal masses are replaced during the downward and upward movements of the rigid segments.
During the upward movement, the more elastorigid segment replaces the volume occupied by the rock mass and the difference of the specific potential energy of this area will be
( 1 2 ) Here, K s > K m are the moduli of bulk elasticity of the horizontal segments and the rock mass, respectively.
During the downward movement, the rigid segment replaces the volume occupied by the rock mass and the difference of the specific potential energy of this area will be
The total changes in specific potential energy are expressed as
It follows from (14) that the state shown in Fig. 3b is characterized by lower potential energy of elastic strain and, consequently, the state in Fig. 3a has excess potential energy.
Discussion
Data on the density and elastic moduli of rocks in nature can be obtained by seismic and geophysical methods (for example, with the use of seismic-wave velocities): where v P and v S are P and S wave velocities, respectively. Seismic studies revealed that the seismic-wave velocities tend to increase with depth. This is automatically attributed to an increase in the elastic moduli and densities of the rocks with depth. It is evident from (15) that the P wave velocity increases with depth against the background of slight changes in the relationship of the seismic-wave velocities, the elastic modulus increases more than density:
Some data are available which show that deviations from the trend of an increase in seismic-wave velocity with depth can be observed in sedimentary basins, in the middle part of consolidated crust, and in the upper mantle. For example, seismological data revealed the Gutenberg waveguide in the middle crust (depth 10-20 km), in which the P wave velocity decreases dramatically (by ~10%) (Leonov, 1994) . Note that the tectonic and seismic activity of the crust is observed in these areas (Dobrynina et al., 2011; Leonov, 1997; Teng et al., 2013) .
Laboratory experiments show the possibility of a change in the elastic properties of the same rocks which are in different states at different levels of the crust (Dortman, 1976) . For example, an increase in temperature causes a decrease in seismic-wave velocities, whereas an increase in the content of microvoids in the rocks and their fluidization can cause a dramatic (4-5%) decrease in the P and S wave velocities, particularly in the case of microcracking (flat voids) (Nikolaevskii, 1980 (Nikolaevskii, , 1996 Van'yan and Hyndman, 1996) . It is known (Ladynin, 2010) that an increase in the pore pressure of a fluid in fractured rocks to lithostatic values can cause a 10% decrease in seismic-wave velocities. In (Nikolaevskii, 1996; Nikolaevskii and Sharov, 1985) , based on the analysis of data from ultradeep wells performed by V.I. Sharov, a justified assumption is made that the composition of the rocks hardly changes over a wide range of depths of the crystalline crust. The change in the seismic-wave velocities in this area is due to a change in structure, an increase and a decrease in the size of the fracture-void space, and a change in the fluid pressure in this space. This hypothesis was used by V.N. Nikolaevskii to model the mechanical behavior of the rocks of the lithosphere, in which the transition from elastobrittle to elastoplastic states is related to the Moho.
The little available data (Lebedev, 2006; Lebedev et al., 1989 Lebedev et al., , 1999 Zharikov et al., 2000) demonstrate a strong effect of the fluid on the physicochemical properties of the rocks as a result of mineral reactions and accompanying changes in the rock structure. These experiments show the role of the composition of fluids and volatiles (acid, neutral, and basic), which determine the course of chemical reactions (hydration or dehydration, cation and anion metasomatism, and others). It has been found that changes in the elastic-wave velocities of sandstone can reach 3-4 km/s depending on temperature and the fluid composition (for amphibolite and basalt, considerably larger).
Thus, the possibility of a dramatic decrease in elastic moduli within deep layers of sedimentary basins and the crystalline crust is substantiated both by laboratory experiments and by seismological and geophysical field studies.
Another question which follows from the foregoing studies is how the excess potential energy of elastic strain of volume change is realized in the geologic medium. Apparently, to answer this question, the structure of the rock should be taken into account: It is a heterogeneous medium at the micro-and macrolevels, whose unique properties are still poorly studied. The fact that the rock contains inclusions, cracks, and pores with dramatically different elastic rigidities makes it similar to granular media, the study of whose behavior dates back to the works of C.-A. de Coulomb, W.J. M. Rankine, and V.I. Kurdyumov. However, there might be great differences in the mechanics of loose materials in application to the problems of the rock mechanics of near-surface processes and the mechanics of granular media with a fluid under high pressure (Sibiryakov and Deev, 2008) . The fluid within the fracture-void space of the rock not only influences its strength but also serves as a source of energy for elastic strain. Contrary to popular belief, the elastic compressibility of water and aqueous mixtures (fluid) is an order of magnitude lower than that of samples of crystalline rocks.
Rock with the properties of a granular medium under high isotropic both in the solid and liquid phases (in the fracturevoid space of the rocks) can reduce the elastic energy of bulk compression owing to repacking, which includes the crushing of the grains (Berezin and Gol'din, 2003; Geza et al., 2001; Goldin, 2004; Makarov, 2007; Nikolaevskii, 1996; Nikolaevskii and Sharov, 1985) . In combination with constrained deformation in deep crustal layers, this capability might determine the low variability of density during tectonic flow. Also, nonzero deformations of a sum of microdisplacements are possible if a granular medium changes its shape but retains its volume. In this case, the decreasing energy of the elastic change in the volume can ensure plastic flow of the medium. Note that the possibility of transformation of the energy of elastic change in volume into the energy of shape change and vice versa exclusively under gravity stress was considered in (Rebetskii, 2008 (Rebetskii, , 2011 Rebetsky, 2008 Rebetsky, , 2010 in connection with the formation of residual stresses of horizontal compression in areas of large-scale vertical movements.
Conclusions
In (Leonov, 2011) , it is stressed that geology should be brought closer to exact sciences owing to a switch from descriptive to quantitative methods. Tectonophysics, which is one of the main tools of quantitative studies of geologic processes, enables geoscientists to develop simple but efficient methods for estimation of different deformation parameters of the natural state of rock masses. The theoretical tectonophysical studies carried out in this work have shown that the potential energy of elastic strain of gravity stress should be taken into account during the analysis of the stability of deformation of layered tectonosphere. There are reasons to presume that unstable states include layered media with deep inversion of the bulk elastic modulus.
The results of the present study can be used in geodynamics to solve the problem of the mechanisms of evolution of tectonic structures and in tectonophysics to study the mechanisms of stress generation. Also, they might be useful in seismology and geophysics, because a unique tool is provided for direct interpretation of observation data. The theoretical results obtained might also find application in petroleum geophysics, in the study of the stability of the states of formations with abnormally increased fracture porosity and fluid pressure.
